C ellular retinoic acid-binding protein 1 (Crabp1) is a conserved cytosolic protein with a high binding affinity for retinoic acid (RA). Previous gene knockout (KO) studies showed that Crabp1 KO mice displayed no gross anatomical abnormalities in typical laboratory facilities (1, 2) . However, gene overexpression studies of transgenic mice revealed interesting phenotypes related to cell growth/differentiation (3, 4) . Therefore, the exact physiological role of Crabp1 has been debated for more than 2 decades (5, 6) .
Studies of RA signaling pathways showed that RA can elicit certain noncanonical signaling pathways independently of RA receptors (RARs), but the mechanism was unclear (6) (7) (8) . To this end, we recently showed that Crabp1 mediated the nongenomic action of RA to rapidly activate extracellular regulated kinase (ERK)1/2 to modulate cell properties specifically in the stem cell context, such as in cancers and embryonic stem cells (ESCs) (9) (10) (11) (12) (13) . In cancer cells, the Crabp1-activated signaling pathway regulates protein phosphatase 2A activity and facilitates cell apoptosis (14) . In ESCs, this pathway augments the cell cycle, slowing down proliferation (15) . But whether-and how-the Crabp1-activated signaling pathway has any physiological relevance in vivo remains to be determined. We thus sought to investigate this issue in the context of whole animals by focusing on the brain, specifically the hippocampus where stem cells, such as neural stem cells (NSCs), are known to play important roles and where Crabp1 is highly expressed (16, 17) . We hypothesized that Crabp1 plays a role in modulating stem cell homeostasis in the brain to affect animal behaviors/brain functions.
Cell cycle progression and lineage commitment are tightly coordinated processes in stem cells (18) . Prolonging the growth 1 (G1) phase by chemical inhibition of cyclin-dependent kinase (CDK) 22cyclin E or by RNA interference-mediated silencing of CDK42cyclin D results in increased neurogenesis (18) . In animals, there are substantial stem cell populations mostly in the brain, especially the hippocampus. NSCs reside in the subgranular zone (SGZ) of the hippocampus and in the subventricular zone (19) . Importantly during NSC proliferation and differentiation into neurons and astrocytes, the intracellular Raf-ERK1/2 signaling pathway is activated (20) . In adults, hippocampal neurogenesis is important for maintaining hippocampal plasticity and cognitive function. New neurons matured from NSCs incorporate into the SGZ of the dentate gyrus to support hippocampus-dependent activities such as learning and memory (21, 22) . These new neurons heighten CA3 synaptic plasticity. Maintenance of the NSC pool has been strongly linked to the plastic potential and function of the brain (21) . This is supported by the finding that optogenetic silencing of 4-week-old neurons impaired spatial and contextual memory retrieval (23) .
In this study, we provide evidence of the physiological role of Crabp1 in regulating the NSC pool in the adult hippocampus, thereby modulating certain hippocampusdependent brain activities in adults. Using Crabp1 KO mice, we demonstrated that Crabp1 KO enhanced NSC proliferation in the hippocampus and consequently increased neurogenesis and improved animal learning and memory performance. In the in vitro ESC-NSC differentiation system, we also demonstrated that Crabp1 specifically modulated stem cell proliferation but not early stage differentiation potential.
Materials and Methods

Animal experiments
Twenty-eight wild-type (WT) and twenty-six Crabp1 KO male mice, 6 to 8 weeks old, were used in these studies. These mice were bred in the animal facility of the University of Minnesota. The mice were housed in a temperature-controlled room (22°C 6 1°C) on a 14/10 light/dark cycle (lights on/off at 0600/2000) with ad libitum food and water. We obtained a Crabp1 KO DE3 (ES) clone that contained a hit-and-run2type vector, creating a 5-bp Not1 insertion in exon 1 (the fifth codon of the Crabp1 coding region) to ablate Crabp1 expression (1) . The Crabp1 KO ES clone was injected to generate Crabp1 KO chimeric mice in the University of Minnesota transgenic facility. These mice were then backcrossed on a C57/BL6 background for 10 generations to generate Crabp1 KO C57/BL6 mice. The experimental procedures were conducted according to National Institutes of Health guidelines and were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Cell culture methods
CJ7 ESCs were maintained as described (24, 25) . A cell proliferation assay was conducted by labeling ESCs with 5-bromo-2 0 -deoxyuridine (BrdU; 10 mM; Sigma-Aldrich, St. Louis, MO) for the indicated time points. Cells were fixed with absolute ethanol and stained with fluorescein isothiocyanate anti-BrdU (347583; BD Biosciences, Franklin Lakes, NJ). For flow cytometry, ethanol-fixed cells were stained with 10 mL of phosphate-buffered saline (PBS) containing 2 mg of deoxyribonuclease-free ribonuclease A and 0.4 mL of 500-mg/ mL propidium iodine at 37°C for 15 minutes and analyzed with fluorescence-activated cell sorting (FACS; BD Biosciences). For 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) thiazolyl blue assay (Sigma-Aldrich), ESCs plated at equal numbers were subjected to solubilization with dimethyl sulfoxide at indicated time points after MTT incubation for 3 hours. Absorbance was measured at 570 nm.
ESC-neuronal differentiation procedure
For the ESC-neuronal differentiation procedure (26) , ESCs were seeded on gelatin-coated tissue culture dishes in Dulbecco's modified Eagle medium [(DMEM; Gibco, Waltham, MA) supplemented with 15% fetal calf serum (Gemini Bio-Products, Sacramento, CA), 103 U/mL leukemia inhibitory factor (LIF; Millipore Sigma-Aldrich, St. Louis, MO), 2 mM L-glutamine (Gibco), 13 nonessential amino acids (Gibco), 5 mL per 500 mL of b-mercaptoethanol (Sigma-Aldrich), and 0.2% 1003 penicillin/streptomycin (Gemini Bio-Products)]. Cells were trypsinized (0.05% trypsin/EDTA; Gibco), terminated by adding fresh medium, spun down, resuspended in 15 mL of medium (DMEM containing 10% fetal calf serum, 2 mM L-glutamine, 13 nonessential amino acids, 5 mL per 500 mL of b-mercaptoethanol, and 0.2% 1003 penicillin/streptomycin), and transferred to bacteriological dishes to form embryoid bodies (EBs), which were transferred to 15-mL tubes to settle. Supernatant was replaced with 15 mL of EB medium supplemented with 5 mM of RA (Sigma-Aldrich). The resuspended EBs were plated on bacteriological dishes for another 4 days, and the medium was changed every 2 days. Finally, the EBs were washed and trypsinized (0.05% trypsin/EDTA), and cell suspension was spun down and resuspended in N2 medium [DMEM supplemented with 2 mM of L-glutamine, 13 N2 supplement (Gibco), and 1% 1003 penicillin/streptomycin], filtered through a 40-mm nylon cell strainer, and plated on plates coated with poly-DL-ornithine hydrobromide (SigmaAldrich)/laminin (Thermo Fisher Scientific) (2 3 105 cells/cm 2 ), with two changes of medium at 2 hours and 24 hours. Cells were transferred to neurobasal (NB) medium [(NB/B27) supplemented with 2 mM of L-glutamine, 13 B27 supplement (Gibco), 1% 200 mM L-glutamine, 1% 1003 penicillin/streptomycin] to induce neural differentiation.
Immunohistochemistry
Mice were perfused with PBS containing 4% paraformaldehyde. Brains were removed, fixed in 4% paraformaldehyde for 24 hours, and immersed in 30% sucrose for 48 hours at 4°C. Coronal brain sections were obtained in 30-mm-thick slices. PBS-washed slices were treated with a blocking solution containing 0.2% Triton X-100, 1% bovine serum albumin, and 5% goat serum in PBS for 60 minutes at room temperature; incubated with primary antibodies, including CRABP1 [sc-10061; research resource identifier (RRID): AB_2085315; Santa Cruz], BrdU (SC-70441; RRID: AB_1119696; Santa Cruz), and doublecortin (DCX; ab18723; RRID: AB_732011; Abcam); diluted in blocking solution at 4°C overnight; and incubated with fluorochrome-conjugated secondary antibody and 4 0 ,6-diamidino-2-phenylindole in the dark for 1 hour. Fluorescent images were acquired using an inverted fluorescence microscope (DM5500 B upright microscope; Leica, Wetzlar, Germany) and image capture system MetaMorph software (Molecular Devices, Sunnyvale, CA).
In vivo proliferation and neurogenesis in the adult hippocampus
Mice received two injections of BrdU (200 mg/kg, intraperitoneally; Sigma-Alrich) 8 hours apart and were euthanized for immunohistochemistry staining 24 hours after the last BrdU injection. Stereological scoring of BrdU-or DCX-labeled cells was performed on a series of sections of the dentate gyrus. The volume of dentate gyrus was determined by 4 0 ,6-diamidino-2-phenylindole signal using the FluoView FV1000 confocal microscope (Olympus, Japan) with FV1000 software (Olympus). Cell proliferation was determined by the number of BrdUpositive cells. Neurogenesis was quantified using the ratio of BrdU and DCX double-positive cells over total BrdUpositive cells.
Morris water maze test
The Morris water maze (MWM) test monitors spatial learning and memory ability (27) . The maze is a circular pool (diameter, 1.2 m) filled with water maintained at 22°C and supplied with nontoxic white paint. For the acquisition of spatial reference memory, mice underwent hidden-platform training for 6 consecutive days and four trials per day with visible cues. Each trial was terminated when the mouse reached the platform or after 60 seconds. Mice failing to reach the platform were guided to remain on the platform for 60 seconds. Retrieval of reference memory was performed on day 7 (24 hours after the last training trial). Mice were subjected to probe trials in which they swam for 30 seconds in the pool without a platform, as monitored and recorded with a camera mounted on the ceiling directly above the pool; results were analyzed with the Any-maze TM (Stoelting, Wood Dale, IL). The parameters included the escape latencies, swimming speed, path length, and percentage of time spent in each quadrant of the pool during the probe trials.
Open field test
Mice were tested in an open field (Plexiglas box, 40 3 25 3 22 cm) located in a room with dim lighting. Each mouse was placed in the corner of the box and allowed free exploration for 5 minutes. Mice were monitored and recorded by a camera mounted in the ceiling directly above the box and were analyzed using the Any-maze TM (Stoelting).
Object recognition task
For the object recognition task (28), the apparatus is a gray box (45 3 45 3 30 cm). Before the task, mice were handled for 5 minutes every day for 3 days. The task consisted of three phases (i.e., habituation, familiarization, and test) separated by 24 hours. During the habituation phase, mice were placed in the corner of the box and allowed free exploration for 5 minutes. During the familiarization phase, mice were placed in the same box with two identical objects (ceramic cylinders) for 5 minutes. After 24 hours, the mice were returned to the box with one familiar object and one novel object (a plastic building block) for 5 minutes for the test phase. The mice were monitored and recorded using a camera mounted in the ceiling directly above the box and were analyzed with the Any-maze TM (Stoelting).
Western blotting and chemicals
Whole cell lysate was prepared as described (15) . Antib-actin (SC-47778; RRID: AB_626632; Santa Cruz), antiphospho-ERK1/2 (Catalog #9101; RRID: AB_2297442; Cellular Signaling), anti-ERK1 (Catalog #4372; RRID: AB_10693946; Cellular Signaling), anti-ERK2 (Catalog #9108; RRID: AB_10695610; Cellular Signaling), anti-Crabp1 (C1608; RRID: AB_258751; Sigma-Aldrich), anti-PAX6 (SC-53106; RRID: AB_630088; Santa Cruz), anti-GAPDH (SC-627679; RRID: AB_626632; Santa Cruz). RA (100 nM) was from Sigma-Aldrich.
Data analysis
Statistical differences between groups were determined by one-way or two-way repeated measure analysis of variance followed by the Bonferroni post hoc test in the MWM. Independent-sample t tests were used to compare two independent groups. Statistical analyses were performed using SPSS 17.0. All tests were performed at a significance level of P , 0.05, and data are presented as mean 6 standard error of the mean.
Results
Crabp1 mediated the nongenomic activity of RA to rapidly activate ERK1/2 and expand the G1 cell cycle to suppress ESC proliferation For typical ESC cultures, RA is a commonly used reagent to initiate differentiation, mostly attributed to its genomic activity mediated by RARs to regulate gene expression. Recently, our studies showed that Crabp1 can play a role in augmenting cancer cell and ESC growth (14, 15) . We took this lead and examined the exact role of Crabp1 in the physiologically relevant model ESC in the current study. We first carefully compared cellular growth (cell survival) between Crabp1 KO and WT ESCs cultured in typical ESC media that contained endogenous RA. The MTT assay showed that Crabp1 KO ESCs continued proliferating [ Fig. 1(a) ], confirming the functional role of Crabp1 in modulating ESC growth.
We previously showed that the addition of RA could rapidly (within 1 hour) activate ERK1/2, which is RAR independent because RAR antagonists could not block this activity, and that RAR-activated ERK1/2 was detected around 12 hours after RA treatment (15) . We suspected that the immediate ERK1/2 activation by RA in ESCs might involve Crabp1. Figure 1 (b) indeed shows that RA-treated WT ESCs exhibited two distinct phases of ERK1/2 activation, one immediate phase (i.e., phase 1) that was sustained over 1 hour and a later phase (i.e., phase 2) detected after 12 hours without a change in total ERK1/2 expression. Importantly, Crabp1 KO ESCs exhibited only phase 2 ERK1/2 activation (at 12 hours), validating the functional role of Crabp1 in mediating rapid activation of ERK1/2 by RA.
We then used FACS analyses to specifically monitor proliferation. WT and Crabp1 KO ESCs were labeled with BrdU for 1 hour, followed by RA treatment for 6 hours (before RA elicited genomic effects). As seen in Fig. 1(c) , within 6 hours, RA suppressed WT ESC proliferation, whereas Crabp1 KO ESCs maintained their proliferation under the same treatment. This result shows that RA-Crabp1 modulated (reduced) stem cell proliferation. Using FACS analyses [ Fig. 1(d) ], we further showed that RA-treated (10 hours) ESCs expanded their population from 20% to 24% in the G1 phase, which occurred before phase 2 (RAR-mediated) activation of ERK1/2 (typically at 12 hours) [ Fig. 1(b) ]. In addition, these results corroborated our previous findings showing that short-term RA treatment expanded the G1 phase only in WT ESCs that expressed Crabp1 but not in Crabp1 KO ESCs, supporting this nongenomic function of Crabp1 (14) . Together, the results confirmed the rapid (within 1 hour) nongenomic action of RA in ESCs and identified its molecular mediator as Crabp1. This Crabp1-mediated activity modulated ESC property by expanding the G1 phase to dampen proliferation.
Crabp1 KO enhanced NSC proliferation
We continued to examine Crabp1 with the NSC model, a physiologically more relevant context with regard to stem cells. We used an established in vitro system (26) to monitor ESC progression to NSC as shown in Fig. 2 (top) . ESCs were cultured in the presence of LIF to maintain their stemness and pluripotency or on nonadhesive dishes without LIF for 4 days to form EBs that could then progress, in the presence of RA, to NSCs in the form of neurospheres (26) . Neurospheres were then cultured on poly-DL-ornithine hydrobromide/laminincoated plates in N2/B27 medium to induce differentiation into young neurons. We first monitored the expression of endogenous Crabp1 and proliferation markers, as shown in Fig. 2 . Crabp1 was readily expressed in proliferating ESCs and gradually increased in EBs. Crabp1 expression further increased in neurospheres (NSCs) but then dramatically decreased in immature neurons [ Fig. 2(a) ].
In Western blot analyses, we monitored the expression of endogenous ERK activation in ESCs and neurospheres (NSCs) [ Fig. 2(b) ]. As predicted, Crabp1 protein was readily detected in both ESCs and NSCs of WT but not Crabp1 KO cells. Clearly, endogenous ERK was robustly activated (p-ERK) in neurospheres (NSCs) (29) of the WT but not the Crabp1 KO cells [ Fig. 2(b), top panel] , supporting the notion that Crabp1 modulates ERK activation.
To monitor differentiation efficiency, we detected the NSC marker Pax6 protein [ Fig. 2(b) , third panel from the top] and nestin [ Fig. 2(c) ], which indeed increased more than 10-fold in NSCs. The expression of these NSC markers, nestin and Pax6, was comparable between WT and Crabp1 KO neurospheres, suggesting that Crabp1 does not alter the progression, or differentiation, of ESCs to NSCs. Moreover, Crabp1 KO substantially elevated proliferation markers Ki-67 and proliferating cell nuclear antigen in the stages of ESCs, EBs, and neurospheres (mainly containing NSCs) [ Fig. 2(c) ]. These results show that Crabp1 affected at least in vitro stem cell proliferation. Deleting Crabp1 increased stem cell proliferation, such as that in the stages of ESCs, EBs, and NSCs. We then used Crabp1 KO mice to investigate the in vivo relevance of this finding.
Deleting Crabp1 enhanced NSC proliferation and adult neurogenesis in the SGZ of the hippocampal dentate gyrus
We previously found prominent expression of Crabp1 in the adult hippocampus (16) . Here, immunohistochemistry of 8-week-old mouse brain sections showed Crabp1 expression specifically in the SGZ of the hippocampal dentate gyrus [ Fig. 3(a) ], where adult neurogenesis 016; EBs, P , 0.001; neurospheres, P = 0.002) and PCNA (ES cells, P , 0.001; EBs, P , 0.001; neurospheres, P = 0.016). Results are presented as mean 6 standard error of the mean. *P , 0.05, **P , 0.01 compared with the WT group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PCNA, proliferating cell nuclear antigen; P-ERK1/2, phospho-extracellular regulated kinase 1/2.
occurs. Crabp1 KO was generated in the C57/BL6 background for this study. KO in the sv129 background (1), these Crabp1 KO C57/BL6 mice also exhibited no difference in gross appearance, including their coat color, hair, tail, or dental or limb morphology. Moreover, there was no difference in their body weight or food intake [(Supplemental Fig. 1(A) and 1(B) left) ], confirming the lack of gross abnormalities in Crabp1 KO mice. To monitor endogenous cell proliferation and neurogenesis in mice, we injected mice with BrdU to label proliferating cells and euthanized the animals 24 hours later. BrdU incorporates into replicating NSCs, which label newborn neuron progenitor cells (NPCs). The NPC marker DCX is used to monitor neurogenesis. As shown in Fig. 3(c) Fig. 3(d) , left and middle panels]. These in vivo data show that Crabp1 participated in the control of selfrenewal of NSCs and hence affected neurogenesis. Deleting Crabp1 enhanced NSC proliferation. Thus, Crabp1 seemed to act to suppress, or negatively modulate, NSC proliferation.
To monitor differentiation efficiency, we scored the fractions of BrdU + (proliferating) cells that had progressed (differentiated) to the DCX + stage. The ratio of BrdU + /DCX + cells over total BrdU + cells reflects the differentiation efficiency. Figure 3(d) (right) shows a similar fraction (approximately 57%) of newborn cells differentiated into NPCs (24 hours after BrdU injection) in both WT and Crabp1 KO mice. This result suggests that Crabp1 was not important for early stages of neural differentiation, such as differentiation to NPCs or immature neurons.
Crabp1 KO mice exhibited enhanced learning and memory
With the specific expression of Crabp1 in the SGZ of the dentate gyrus and increased NSC proliferation in Crabp1 KO mice, we speculated that deleting Crabp1 might affect hippocampal functions, such as hippocampus-dependent learning and memory. We first used an open field test to monitor their activity. The data showed no significant difference in travel distance between WT and Crabp1 KO mice [ Fig. 4(a) ], ruling out effects of Crabp1 KO on motor activity and exploration behavior. We used the novel object recognition test to assess their recognition memory (28) and the MWM to assess their spatial learning and memory (27) . The novel object recognition task determines a rodent's ability to recognize and remember a novel object and consists of three phases (i.e., habituation, familiarization, and test) separated by 24 hours [Fig. 4(b) , top]. During the familiarization phase, the mouse spontaneously explored the open field arena with two identical objects. During the test phase, the mouse was returned to the same open field arena with one familiar object and one novel object. Data showed that compared with the WT mice, the Crabp1 KO mice significantly increased their visits to the novel object [ Fig.  4(b) , left]. On the contrary, there was no significant difference between the two groups in visiting the familiar object [ Fig.  4(b) , left]. The preference for exploring the novel object was determined by the discrimination ratio for each mouse (discrimination ratio = T novel 2 T familiar /T novel 6 T familiar ). Crabp1 KO mice displayed a higher discrimination ratio than the WT mice did. These data reveal an improved cognitive memory in Crabp1 KO mice.
During the acquisition stage of a standard MWM test, mice were trained for 6 consecutive days to find the hidden platform. The behavioral test results showed that Crabp1 KO mice required a shorter time to reach the hidden platform on days 2 and 3 of training than the WT mice required [Fig. 4(c) , left], suggesting a greater learning capability in the Crabp1 KO mice. There was no significant difference in average swimming speed between the two groups [Supplemental Fig. 2(A) ], further supporting the notion that deleting Crabp1 did not affect mobility or activity, as shown earlier [ Fig. 4(a) ].
Retrieval of spatial reference memory was assessed on day 7. The results [ Fig. 4(c) , right] show that Crabp1 KO mice spent a longer duration in the target zone (southwest) than the WT mice did, reflecting the better memory of Crabp1 KO mice. The heat map images of animal positions in this test are provided in Supplemental Fig. 2(B) . All together, these behavioral tests show that deleting Crabp1 enhanced hippocampal functions, especially learning and memory.
Discussion
We investigated the physiological significance of Crabp1, a highly conserved cytosolic protein with unclear functional roles in vivo. We first validated the expression of Crabp1 in ESCs and the adult hippocampus, where NSCs are known to naturally exist. Using the ESC system, we validated the functional role of Crabp1 in mediating the noncanonical and rapid ERK1/2 activation pathway elicited by RA, which suppressed cell proliferation in vitro. We examined hippocampal NSCs, one physiologically relevant in vivo system, to uncover the physiological function of Crabp1 in whole animals. Our results provided in vivo evidence that Crabp1 affected stem cell properties. In the hippocampus, it specifically modulated NSC proliferation, which is important for brain function as demonstrated in hippocampusdependent learning and memory. Conceivably, this physiological function is not vital to animal survival in a laboratory environment. This is consistent with earlier reports of Crabp1 KO mice in the sv129 background that also exhibited no gross anatomical abnormalities in the laboratory (1, 2) . However, whether Crabp1 affects an animal's survival or ability to resist challenges, such as stress, remains to be determined.
Given that Crabp1 is highly conserved, it could be predicted that deleting this gene function would harm the animals. The improved learning and memory phenotype in Crabp1 KO mice was indeed surprising. However, it is possible that Crabp1 has evolved to become involved in multiple processes that confer overall survival advantage to animals in a natural setting. The enhanced learning/ memory outcome might merely represent one of the affected processes in a highly protected laboratory setting. It will be important to examine other physiological/ pathological processes in addition to those modulating brain functions, such as disease vulnerability and aging processes. This current study represents a step in dissecting potential multiple biological processes that could involve Crabp1 function in whole animals.
In the context of stem cell biology, various mechanisms can alter the relationship between cell proliferation and differentiation. RA has a well-established role in inducing differentiation, which is attributable to its wellknown nuclear action, mediated by RARs, in regulating the expression of numerous genes, particularly those for lineage determination/differentiation of stem cells (8) . Our data demonstrated that before RA enters the nuclei, it can readily engage Crabp1 to affect a specific signaling pathway, ERK1/2, and modulate cell cycle control for proliferation. To this end, it is known that in order to maintain proliferative properties, stem cells require sustained activity of CDK22cyclin E to ensure a short G1 The scheme shows the 3-day procedure of a novel object recognition task (n = 12 per group) (top). Data show visit times (left; familiar object, P = 0.421; novel object, P = 0.007) and discrimination index (right; P = 0.026) during the test session. (c) The acquisition stage shows an improved learning curve in the Crabp1 KO mice compared with the WT mice (left; day 2, P = 0.014; day 3, P = 0.021). The duration spent in each zone in the probe test (right; P = 0.012) shows better memory performance for Crabp1 KO mice than for WT mice (Crabp1 KO, n = 12; WT, n = 10). Results are presented as mean 6 standard error of the mean. *P , 0.05, **P , 0.01 compared with the WT group. NE, northeast; NW, northwest; SE, southeast; SW, southwest, the target zone. (30) . Indeed, in Crabp1 KO mice, NSC proliferation in the hippocampus was increased. However, whether Crabp1 KO NPCs or young neurons mature into functional neurons as efficiently as WT cells do remains to be determined. Another intriguing question is how this negative mechanism, or break, for stem cell proliferation provides an evolutionary advantage over time. It is tempting to speculate that this negative regulation may be integrated into an intricate network of positive and negative regulatory mechanisms to maintain an optimal supply of stem cells in a normal physiological context. Finally, the classic function of Crabp1 is its tight binding to RA, potentially regulating RA metabolism in the cytoplasm (31). Boylan and Gudas (32) found that elevated expression of Crabp1 exhibited a shorter intracellular RA half-life and produced higher levels of RA metabolite, 4-oxo-retinoic acid. With these considerations, it remains to be determined whether Crabp1 KO mice have their intracellular RA metabolites altered, which may also affect the phenotypes. All these questions require further study of these Crabp1 KO animals.
Adult neurogenesis spans mainly three stages: NSC proliferation, neuronal differentiation, and cell survival. In this study, Crabp1 KO contributed to increased NSC proliferation without impacting the early stage of neuronal differentiation. It is still unclear whether Crabp1 affects neuron survival. During neurogenesis, only a small fraction of newly differentiated young neurons mature into functional neurons and integrate into the existing neuronal circuit. Most of the differentiated young neurons go on to programmed cell death (apoptosis) (33) . The activated mitogen-activated protein kinase/ERK1/2 pathway is reported to be associated with apoptosis in different types of cells, including neurons (34) (35) (36) . Further, RA and compounds binding to Crabp1 but not the RAR can enhance Crabp1-positive cancer cell apoptosis via activation of ERK1/2 (14) . These findings suggest that Crabp1 KO may also reduce apoptosis, thus promoting the survival of neurons.
ERK1/2 can be activated by numerous inputs and in various cellular contexts. Signal duration of activated ERK1/2 can alter cellular outcomes (37) (38) (39) . RA activates ERK1/2 signaling of ESCs in a biphasic manner, one immediate phase (minutes to 1 hour) involving Crabp1 and a second delayed phase (detected around 12 hours) involving RARs. The RAR-mediated phase 2 ERK1/2 activation generally alters the genomic program for differentiation (37) (38) (39) . We previously found that RAinduced phase 1 ERK1/2 activation is mediated by Crabp1, which can gate the cell cycle and modulate proliferation.
Changing the dynamics of the ERK1/2 signaling cascade triggered distinct cell decisions-driving proliferation or inducing differentiation (40) . Our current study uncovered Crabp1 as one factor that can modulate ESCs in vitro and NSCs in vivo, specifically their proliferation. This may provide a new target in future attempts to manage stem cell pools.
